Introduction
Karyotypic instability is frequently observed in a variety of human cancers and correlates with the selection of the malignant phenotype (Cheng and Loeb, 1993) . The accumulation of genetic damage induces permanent changes that may lead to cancer or to severely impaired cellular functions that may in turn, drive cells to apoptosis or alternatively to an irreversible cell growth arrest (Cross et al., 1995) .
The locus of the c-myc protooncogene manifests frequent genetic alterations in human cancers. The resulting upregulation of c-Myc protein appears to provide a selective advantage that is required for tumor initiation and progression. The enhanced transcriptional activity from the c-myc locus was commonly reported as the key event in Myc-associated tumorigenesis. Consequently, certain c-Myc functions, namely cell growth and apoptosis, are deregulated, leading to the promotion of c-Myc-dependent oncogenic potential (reviewed in Henriksson and LuÈ scher, 1996) . The latter eect is concluded following abrogation of the Myc-induced apoptosis pathway. For example, c-Myc deregulation subsequent to the characteristic translocation of the cmyc gene to one of the immunoglobulin gene loci, is associated with a nonfunctional p53 tumor suppressor protein in almost 40% of primary Burkitt's lymphoma cases (Gaidano et al., 1991; Bhatia et al., 1992) . In addition, over 50% of these neoplasms contain mutations within the N-terminal region of the c-myc locus. In some of these cases, this mutation impairs the c-Myc-related apoptosis function, as we recently demonstrated (Kuttler et al., 2001) .
Deregulated c-Myc expression is emerging as an important component in promoting genomic instability. It has been established that c-Myc overexpression initiates locus-speci®c genomic instability (Mai, 1994 (Mai, , 1996a Kuschak et al., 1999) , which is reversible (Mai et al., 1996a) , and karyotypic instability, which is dynamic and irreversible in cell culture (Mai et al., 1996b) , however, it is reversible under certain experimental conditions in vivo (Felsher and Bishop, 1999a; D'Cruz et al., 2001) . In normal cells, genomic integrity is maintained by checkpoint mechanisms that arrest the cell cycle in damaged cells until DNA is repaired or until apoptosis is initiated. More speci®cally, the p53 protein either stops cell cycle progression, allowing for the completion of DNA repair before the cycle is allowed to move to completion, or alternatively the cell is driven to apoptosis. In the absence of functional p53, polyploidy or aneuploidy may be generated and even greatly perpetuated in the presence of deregulated c-Myc (Cross et al., 1995) . However, on its own, high expression of c-Myc protein promotes genetic instability independently of wild-type p53 protein (Mai et al., 1996b) . In immortalized ®broblasts, c-Myc-induced genomic instability promotes tumorigenesis in presence of functional p53 protein (Mai et al., 1996b; Felsher and Bishop, 1999b) . Similar data have been obtained for N-Myc (Chernova et al., 1998) . Conversely, in diploid murine IL-3-dependent myeloid cells, the restoration of a functional p53 protein in presence of c-Myc overexpression inhibits the perpetuation of the genomic instability process, driving cells to apoptosis (Yin et al., 1999) .
In the present study we examined whether c-Myc deregulation can simultaneously promote genomic instability and apoptosis in a single cell using the wild-type c-Myc (wt-Myc) expressing murine pro-B Ba/ F3 cell line. Under conditions of c-Myc overexpression, cells increased their IL-3 dependence and die rapidly by apoptosis in absence of this growth factor. In the present study we investigated the potential of wt and mt Myc proteins to induce genomic instability and apoptosis in Ba/F3 cells. Cells expressing wt-Myc were compared with cells harboring a mutated and dysfunctional c-Myc protein, harboring a single point mutation Phe138Cyst or myc box II-deleted protein (D106 ± 143) as well. The mutant proteins were previously characterized as less potent promoters of apoptosis when compared with wt-Myc (Kuttler et al., 2001) . As demonstrated here, wt-Myc can concomitantly generate genomic instability and apoptosis within a single cell. In contrast, mutant c-Myc proteins no longer show an extensive induction of apoptosis, but mainly promote genomic instability. In fact, when the c-Myc-driven apoptotic capability is impaired, the resulting cells have an increased rate of genomic instability and polyploidization. Our results suggest that c-Myc-induced genomic instability can be partially controlled by the cMyc-dependent apoptosis.
Results
The Ba/F3 cell line was stably transfected with dierent c-myc alleles. The resulting pooled cells expressing wtMyc, B16ER, or D106 ± 143 Myc-Er tm were selected according to their c-Myc protein expression as detected by Western blotting (Figure 1 ). In addition, the ecacy of the experimentally regulatable pBpuro Myc-ER tm vector was demonstrated after addition of 40H-tamoxifen by quantitative¯uorescent immunostaining, following a previously described method (data not shown, Kuschak et al., 1999) .
Deregulated wild-type c-Myc expression in Ba/F3 cells triggers apoptosis in absence of IL-3 c-Myc-dependent apoptosis was ®rst described in the context of growth factor privation, showing markedly accelerated apoptosis in murine myeloid 32D cells under IL-3 privation, and in serum-deprived, established Rat1A ®broblasts (Askew et al., 1991; Evan et al., 1993) . The extent of apoptosis triggered by IL-3 starvation was evaluated up to 24 h after the beginning of the experiment. As expected, the overexpression of the wt-Myc protein sensitized cells to apoptosis, as compared to non-transfected Ba/F3 cells (Figure 2 ). cMyc-induced apoptosis in presence of low growth factor is characterized by the fact that cells are maintained in S phase, implying the absence of a G0/G1 arrest (Evan et al., 1993) . The cell distribution in various phases of cell cycle was analysed by¯ow cytometry using the DNA stain propidium iodide. When compared to the parental BaF3 cells, the WtP13 cell line also showed retention of the cells in S phase (Figure 2 ). In contrast, both B16P1 and D106P1 cell lines were arrested in G0/G1 after IL-3 privation, con®rming that myc box II mutants displayed the phenotype of less potent promoter of apoptosis, as described recently in ®broblasts by Kuttler et al. (2001) .
c-Myc overexpression in Ba/F3 cells induced structural and numerical genomic instability Our laboratory has established that c-Myc deregulation initiates both locus-speci®c and karyotypic genomic instability (Mai, 1994 (Mai, , 1996a Kuschak et al., 1999) . Therefore we decided to examine the genomic stability of Ba/F3 cells in the presence of deregulated cMyc expression. After activation of c-Myc by addition of 40H-tamoxifen, metaphase spreads were prepared at 0, 48 and 72 h time points, as well as at 10 days. This treatment did not cause genetic changes in parental Ba/ F3 cells (data not shown). Also, preB cells did not show genomic aberrations as a result of 40H (Smith et al., submitted). The karyotype of the parental Ba/F3 cell line is near tetraploid, without structural aberrations, as evidenced by SKY. However, as early as 48 h after wt-Myc activation, numerous chromosomal aberrations became apparent, which included chromosome fusions, ring or mini-chromosomes, the formation of extrachromosomal elements (EEs), deletions, insertions, translocations, as well as the presence of marker chromosomes ( Figures 3 and 4 , Table 1 ). EEs originating from almost all chromosomes were observed, and the number of EEs increased with the time (Table  1 and Figure 4 ). Yet, SKY revealed that fragments derived from the Y chromosome were inserted into other chromosomes at this time point (data not shown). Aliquots were removed at timed intervals (every 3 or 12 h depending on the experiments). The percentage of viable cells was determined by PI exclusion. The latter results are the average of three independent experiments. As control, parental Ba/F3 cells (NT, for non-transfected) were assessed under same conditions. Upper panel, shows the percentage of viable cells and apoptotic nuclei as determined by PI exclusion and DAPI-stained nuclear analysis, respectively; Lower panel, Representative DNA content (propidium iodide staining)¯ow cytometric histograms of IL3-deprived, normal Ba/F3 (NT), and wildtype c-Myc-expressing Wt P13. This experiment also included B16 P1 and D106 P1 cell lines that were treated following the same protocol. Numbers included in the histograms indicated the percentage of either G1 or S phase cells in the considered population To examine genomic instability at the single gene level, we used¯uorescent in situ hybridization (FISH). We probed metaphase chromosomes with a DHFR probe after 48 h of c-Myc activation and found c-Mycdependent gene ampli®cation, as shown by several copies of the DHFR gene per cell (Figure 8 ).
Enhanced polyploidization after transient overexpression of myc box II-mutated alleles
Karyotype comparisons between metaphases obtained from wt-Myc expressing Ba/F3 cells and from mt-Myc expressing B16P1 and D106P1 cells respectively showed that cells expressing a mutated form of c-Myc protein presented a higher proportion of polyploidy after activation of the c-Myc protein by 40H-tamoxifen. The analysis of 26 metaphases from Ba/F3 cells expressing wt-Myc revealed a higher frequency of tetraploid chromosomes, some polyploidy, but no fully octoploid karyotype status. In contrast, D106P1 and B16ER exhibited an increased number of polyploid chromosomes as well as metaphases with chromosome numbers exceeding 80. Seven metaphases out of 37 obtained from the D106P1 cell line presented an octoploid or greater karyotype ( Figure 5 ). To determine whether 4N cells were able to actively replicate their DNA, we measured bromodeoxyuridine (BrdU) incorporation into D106P1 cells that were maintained in 40H-tamoxifen for 10 days. We observed cells with DNA content between 4N and 8N following BrdU incorporation, con®rming that the 8N population arose from DNA rereplication in 4N cells ( Figure 5 ).
Simultaneous occurrence of genomic instability and apoptosis in cells overexpressing activated wt c-Myc protein c-Myc-induced proliferation generates an internal cellular imbalance of c-myc signaling pathways which can trigger apoptosis (Harrington et al., 1994) . Cell lines that experimentally overexpress c-Myc appear to acquire an elevated tumorigenic capacity in addition to an increased susceptibility that drives cells to apoptosis. Numerical and structural chromosomal abnormalities may emerge in this context, only in the presence of defective surveillance of chromosome integrity, such as loss of p53 tumor suppressor function (Hartwell and Kastan, 1994) . It has been shown in turn, that restoration of the p53 function causes rapid implementation of apoptosis, indicating that these cells have suered irreversible genomic damage (Cross et al., 1995; Yin et al., 1999) .
To determine whether c-Myc may itself contribute to regulation of apoptotic pathways after induction of genomic instability, we decided to compare the occurrence of genomic instability and apoptosis in metaphase spreads. We compared cells overexpressing either wt-Myc, or myc box II-mutated proteins: B16P1 and the DI06P1 cell line. A total of 150 cells were analysed for each cell line tested and for each time point that was assessed. There was a higher proportion of apoptotic nuclei among cells overexpressing wt-Myc as compared to cells expressing a mutated form of cMyc. This was most pronounced at the 10 day time point where 20.5% of the wt-Myc induced Ba/F3 cells showed an apoptotic nucleus. In contrast, only 8.5% and 6.5% of the nuclei were apoptotic in B16P1 and DI06P1, overexpressing the mt-Myc proteins, respectively ( Figure 6 ). Unexpectedly, some wt-Myc expressing cells displayed apoptotic nuclei in conjunction with mitotic chromosomes, suggesting the occurrence of apoptosis during their metaphase (Figure 7 ). This type of cell death is reminiscent of a mitotic catastrophe, although the morphology of premature chromatin condensation described by Nghiem et al. (2001) is dierent from the one seen in Figure 7 . Future studies will address this question in greater detail.
In order to con®rm the simultaneous occurrence of apoptosis and locus-speci®c genomic instability, we . These abnormalities were found in eight of 11 metaphases and are considered signi®cant (see Table 1 ) hybridized a DHFR probe onto wt-Myc metaphase spreads at dierent time points of c-Myc activation. As early as 48 h after 40H-tamoxifen addition, several copies of the DHFR gene appeared in nuclei harboring either an intact shape or apoptotic features (Figure 8 ).
Discussion
We conclude that c-Myc activity in Ba/F3 cells can simultaneously generate both genomic instability and apoptosis within a single cell. Using c-myc box IImutated alleles, we were able to show that genomic instability is enhanced while the level of apoptosis is diminished. Polyploidization is elevated considerably as a result of mt-Myc expression. As a result of mt-Myc expression, the cell continues to cycle, though without cytokinesis, generating polyploidy and additional karyotypic instability. Instead of dual signals, directing proliferation and apoptosis, only proliferation is induced in myc box II-bearing mutants (Harrington et al., 1994; Evan and Littlewood, 1998) . In order to explore c-Myc-induced genomic instability, we used the bone marrow-derived IL3-dependent Ba/F3 cell line and transfected it with the conditional pBpuro Myc-ER tm vector. As previously showing BrdU incorporation (y axis) and DNA content (x axis)¯ow cytometric diagram. D106 P1 cells were maintained for 10 days with 100 nM 40H-tamoxifen and then were labeled for 1 h with 2 mM BrdU. After being washed once with PBS and ®xed in ethanol, cells were stained with propidium iodide and detected with an appropriately conjugated anti-BrdU antibody. The DNA content of the cells is indicated in the diagrams; the last peak has been noted as xN because it is not exactly a multiple of 2. Cells in S phase that synthesize DNA are located between the DNA peaks. The cells with DNA content between 2N and 4N, 4N and 8N, as well as 8N and xN, incorporated BrdU described for the IL3-dependent 32D cell line (Askew et al., 1991) , the regulatable expression of c-Myc prevents the accumulation of Ba/F3 cells in G1 and accelerates the induction of apoptosis in absence of IL3. However, in the presence of complete medium, cMyc activation induces genomic instability associated with the accumulation of apoptotic cells, though Ba/ F3 proliferation rate is not signi®cantly altered (data not shown). After 48 h of Myc activation, several chromosomal abnormalities may be detected, including chromosome breaks and the presence of extrachromosomal elements. Using SKY we were able to demonstrate a wide range of genomic instability in Myc-activated Ba/F3 cells. We observed the complete loss of the Y chromosome in addition to the appearance of a number of marker chromosomes, indicating that altered chromosome structure was an important feature following deregulated c-myc expression. We also demonstrated a dramatic increase in the total number of chromosomes in metaphase cells after c-Myc activation, re¯ecting uncontrolled DNA replication in Ba/F3 cells, as indicated by their 8N (or greater) DNA content detected on PI-stained nuclei. This type of c-Myc-induced polyploidization was described previously, but only in immortalized rodent or human cells pretreated with colcemid and in murine 32D cells harboring a non-functional p53 tumor suppressor protein (Li and Dang, 1999; Yin et al., 1999) . Indeed, c-Myc-induced DNA damage usually destabilizes the genome and drives the cell to apoptosis in the presence of functional apoptotic pathways. Moreover, the loss of p53 alone can cause polyploidy, forcing the majority of these cells to undergo apoptosis, unless Bcl-xL is overexpressed (Minn et al., 1996) . Therefore, in IL3-dependent 32D cells, restoration of a functional p53 protein in c-mycoverexpressing cells causes rapid cell death by apoptosis (Yin et al., 1999) . In conclusion, all previous data have described the occurrence of genomic instability with polyploidization only in the context of impaired apoptosis pathways associated with an increase of cell viability. In our IL3 dependent Ba/F3 model, c-Myc-induced polyploidy appeared without any additional treatments and paralleled an increase of cell susceptibility to undergo apoptosis. Furthermore, without interfering with the apoptotic signaling pathways, we were able to enhance the karyotypic instability through the overexpression of mutated forms of c-Myc protein, characterized by their decreased ability to promote apoptosis.
In addition to their decreased capacity for cellular transformation, c-myc box II mutations have recently been described as less potent promoters of apoptosis when compared to wt-Myc-bearing cells (Kuttler et al., 2001) . These ®ndings suggest that certain mutations favoring cell survival over cell death are selected for in evolving tumor cells. myc box II mutants fall into this group. They promote genomic instability in the absence of apoptosis, thus enhancing the survival of genomically altered cells. Genomic instability is directly linked to tumorigenesis in vivo (Felsher and Bishop, 1999b) . Therefore, cells bearing a myc box II mutation may exhibit an increased tumorigenic capacity due to the abrogation of apoptosis and enhanced proliferation of genomically altered cells. The latter may be required in the context of sustained tumor cell growth and tumor progression. In addition to diminished apoptosis function, myc box II alleles have been described as less ecient promoters of transformation, as evaluated through their capacity of an anchorage-independent growth (Stone et al., 1987; Brough et al., 1995; Kuttler et al., 2001) .
Overall, our results demonstrate for the ®rst time that both wt-and mt-Myc proteins can induce genomic instability. Moreover, wt-Myc protein deregulation elicits both genomic instability and apoptosis in Ba/ F3 cells, whereas mt-Myc protein induces genomic instability in the absence of apoptosis. Apoptosis can occur in cells undergoing karyokinesis. Selection of speci®c c-myc mutations that fail to trigger apoptosis may facilitate tumor progression. Future in vivo studies will examine this question in greater detail.
Materials and methods

Cell culture and reagents
Murine pro-B Ba/F3 cells were maintained in RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine and 5% WEHI 3B cell-conditioned medium as a source of IL-3. Cells were grown at a density of 10 5 to 10 6 per ml. To remove IL-3, cells were washed twice in PBS at room temperature.
The Ba/F3 cells were stably transfected with the pBpuro Myc-ER TM vector by electroporation (200V, 1180 mF) at room temperature (Littlewood et al., 1995) . Electroporated cells were expanded for 48 h in IL-3-containing medium and stable transfectants were selected in the presence of 2 mg/ml of puromycine. To create the chimeric B16ER mutant c-Myc construct, we replaced the wild-type 414-bp PstI-PstI region in c-myc exon 2 from the pBpuro Myc-ER TM with the corresponding mutant fragment from a primitive MLV-B16 vector described in Kuttler et al. (2001) . The D106-143Myc-ER TM vector corresponds to the pBpuro Myc-ER TM vector deleted by the PstI-PstI fragment which approximates the c- myc box II region. Average levels of c-Myc protein expression were determined by immunoblotting using the 9E10 monoclonal antibody (Calbiochem 1 , Cambridge, MA, USA). c-Myc was functionally activated in Myc-ER TMexpressing cells by addition of 4-hydroxytamoxifen (40HT, Sigma, France) to the culture medium, to a ®nal concentration of 100 nM. Once c-Myc protein activated, cells were used for the experiment and then discarded.
Trypsin-Giemsa banding
Metaphase spreads were prepared without Colcemid treatment. Trypsine-Giemsa banding was performed as previously described (Wang and Federo, 1971 ) and adapted to mouse chromosomes. Chromosome identi®cation followed the recommendations of the Committee on Standardized Genetic Nomenclature for Mice (CSGNM, 1969) .
FISH probes and detection of hybridization
Chromosomes were analysed by FISH as described (Mai et al., 1996b) . The dihydrofolate reductase (DHFR) probe was labeled by random priming with digoxigenin-dUTP (Roche Diagnostics, Canada). Metaphase chromosomes were banded using DAPI and quinacrine mustard as described (Wiener and Mai, 2000) . Analysis of samples was performed using a Carl Zeiss Axiophot microscope and images were acquired using a Photometrics (model CH250/a) CCD camera.
Spectral karyotyping (SKY)
SKY was performed by using the ASI (Applied Spectral Imaging, Carlsbad, CA, and Migdal Ha'Emek, Israel) kit for mouse and the supplier's hybridization protocols. Analyses were carried out by using the Spectra Cube TM on a Zeiss Axiophot 2 microscope and the SKYVIEW 1.6.2 software for PC.
Apoptosis and cell cycle studies
The percentage of apoptotic cells was evaluated either by determining the percentage of DAPI-stained cells with fragmented nuclei, or by measurement of the subG1 cell population obtained after PI staining. Cell cycle distributions were determined on 10 4 cells using an EPICS ALTRA (Beckman-Coulter)¯ow cytometer. Mod®t software was used for the cell cycle analysis (Verity Software House, USA). DNA content analysis associated with bromodeoxyuridine (BrdU) labeling was performed according to the standard protocol (Ormerod, 1990) . Propidium iodide exclusion assay was used to measure the percentage of viable cells. Approximately 10 4 cells incubated with PI at a concentration of 5 mg/ml were analysed by¯ow cytometry using a FSC/SSC gate to exclude debris. For each time point, at least 5000 cells were analysed on a FSC/FL-2 (610 nm) dot plot. This staining allows the distinction between dead (FL-2 bright, FSC low), apoptotic (FL-2 dull, FSC intermediate) and live cells (FL-2 negative, FSC high). The percentage of viable cells corresponds to the percentage of FL-2 negative cells.
